ABSTRACT: Fractal scaling of the exponential type is used to establish the cumulative volume (V) distribution applied through agricultural spray nozzles in size x droplets, smaller than the characteristic size X. From exponent d, we deduced the fractal dimension (D f ) which measures the degree of irregularity of the medium. This property is known as 'self-similarity'. Assuming that the droplet set from a spray nozzle is self-similar, the objectives of this study were to develop a methodology for calculating a D f factor associated with a given nozzle and to determine regression coefficients in order to predict droplet spectra factors from a nozzle, taking into account its own D f and pressure operating. Based on the iterated function system, we developed an algorithm to relate nozzle types to a particular value of D f . Four nozzles and five operating pressure droplet size characteristics were measured using a Phase Doppler Particle Analyser (PDPA). The data input consisted of droplet size spectra factors derived from these measurements. Estimated D f values showed dependence on nozzle type and independence of operating pressure. We developed an exponential model based on the D f to enable us to predict droplet size spectra factors.
Introduction
Pesticides play an important role in modern agriculture, and spray nozzles are considered a key element in the application of phytosanitary products given that their task is to generate droplets through which those products will be distributed. Droplet size may influence the biological efficacy of the pesticide applied. As pressure determines the droplet characteristics of a given nozzle, is necessary to know the ideal combination of pressure-nozzle in order to optimize spray efficiency (Zhu et al., 1994; Baetens et al., 2007 Baetens et al., , 2009 Nuyttens et al., , 2010 Nuyttens et al., , 2011 Knowing the D v0.1 , D v0.5 , and D v0.9 droplet size spectra factors corresponding with 10%, 50% and 90%, respectively, of the cumulative volume spray liquid volume contained in droplets up to the indicated diameter (ASAE Standards, 1997) , of nozzles operating under different pressure, orifice characteristics or liquid flow rate could be useful in helping us to compare their behavior (Womac et al., 1999) and might also be used as inputs for computer models that would enable us to predict, for example, the dispersion and deposition of aerially released spray material (Teske et al., 2000) or the amount of spray drift (Baetens et al., , 2009 . Mandelbrot (1982) derived the term 'fractal' from the Latin fractus, which refers to the appearance of shattered rock. Traditional Euclidean geometry describes categories of objects such as points, curves, surfaces and cubes using dimensions 0, 1, 2, and 3, respectively. Nevertheless, fractal geometry is an improvement of and a development upon Euclidean geometry because it provides new ideas and concepts for the mathematical description of highly irregular and heterogeneous media. Fractal theory postulates an intrinsic symmetry law underlying the apparent disorder of these media, which consists of the repetition of the disorder itself over a certain range of scales. This property is called 'self-similarity' and objects or sets which exhibit this property are referred to as 'fractals'.
In the field of agricultural nozzles,fractal concepts and ideas have been used by Agüera et al. (2006) , to predict droplet size spectra factors.
Scaling laws of the type shown below, have been applied to the cumulative number of soil aggregates (Perfect et al., 1992 )
where: N x>X is the cumulative number of size x aggregates greater than a characteristic size X. Exponent D f , called 'fractal dimension', measures the degree of irregularity of the medium. These laws are based on the assumption that the behavior of certain soil properties is invariable regardless of the scale used for their study. Thus, Eghball et al. (1993) quantified changes in soil structure by detecting changes in the D f values associated with them.
Taking expression (1) into account, the numbersize distribution can be inferred from the volume-size distribution function V(x < X) of the cumulative volume of aggregates with a characteristic size lower than X. Thus, if spray droplets are grouped into different classes according to their sizes, droplet size spectra function shape (droplet diameter vs. accumulated volume fraction) at this scale is defined by the volume in each of these classes. If the scale in one of these classes is changed, new and different classes will appear and it might be expected that that the initial structure will be repeated, in other words: the proportion of volume in each class will agree with the above scale. Fractal ideas could be applied to the description of such distributions based on the scale: 'invariable behavior of spray properties'. If self-similarity is accepted for droplet sets, this process could be repeated at different scales.
If we accept the assumptions of constant density and spherical shape for droplet spray, the law scale expressed in (1) may be related to
where: the relation between the exponents is d= 3-D f (Tyler and Wheatcraft, 1992) .
Our study, therefore, had two objectives: i) to develop a methodology for calculating a D f factor associated with a given nozzle and independent of operating conditions; and ii) to determine regression coefficients in order to predict droplet spectra factors (D v0.1 , D v0.5 , and D v0.9 ) from a nozzle, taking into account its own D f and pressure operating conditions.
Materials and Methods
Four nozzle types widely used in agriculture were tested: i) Teejet DG 11002 (Spraying Systems Co., Wheaton, Il), a drift guard even flat fan nozzle, which we will refer to here as 'DG-110'; ii)Teejet XR-11001 (Spraying Systems Co., Wheaton, Il), an extended range flat fan nozzle, hereafter referred to as 'XR-110'; iii) Teejet TXA 8001 (Spraying Systems Co., Wheaton, Il), a hollow cone nozzle, to which we will refer in the text as 'TXA-80'; and iv) Teejet TP-9501 E (Spraying Systems Co., Wheaton, Il), an even flat fan nozzle, hereafter referred to simply as 'TP-9501'. These nozzles are widely used in the greenhouse crop-production system in the South-East of Spain, but the methodology described in this paper could be applied to any nozzle at any operating pressure. All four nozzles were tested at five pressure levels (0.2, 0.4, 0.6, 0.8 and 1 MPa ) with three replications for each pressure. This makes a total of 5 × 3 × 4 = 60 measurements. These data were obtained using a Phase Doppler Particle Analyser (PDPA).
The PDPA laser was an Aerometrics PDPA onedimensional system. All measurements were carried out by spraying water with a temperature of 20 ºC. Environmental conditions were kept constant at 20 ºC and a relative humidity of 60-70 %. The nozzle was positioned 0.50 m above the measuring point of the PDPA. To enable the whole of the spray cloud to be sampled, the nozzle was mounted on a transporter which allowed to move it in a transverse range of 1.5 × 1.0 m, and ∆x and ∆y of 0.1 m. Details of this instrument and measurement protocol can be found in Nuyttens et al. (2007) .
The data sets derived from these measurements and used in the present study were 20 values of droplet size spectra factors (D v0.05 , D v0.1 , D v0.15 , …, D v0.9 , D v0.95 , D v1 ) for each nozzle, pressure and repetition.
D f was calculated in two ways. Firstly, as data corresponding to droplet diameter were available from each experiment, fractal dimension for each experiment was calculated, taking into account equation (1), using the diameter droplets measured with the PDPA instrument for each nozzle, repetition and operating pressure. To do so, we arranged every data set in ascending order from minimum to maximum diameter. We then grouped each set into sub-sets of 500 droplets and their average diameter was calculated, thereby obtaining a set of average diameters. D f of every set was computed, taking into account equation (1), which can be particularized with Mandelbrot's (1982) expression for self-similar sets
where k 1 is a constant. This can be rewritten as
Therefore, D f will be derived from the regression coefficient of the linear regression fitted between log(N x>X ) and log(X), being N x>X the cumulative number of diameter x droplets greater than a characteristic average diameter X of a sub-set containing 500 droplets. This calculation was carried out considering all operating pressure (D fr ) and considering only the extreme operating pressure (D fr1 ).
Secondly, D f was estimated as follows:
which are the sub-intervals of the sizes corresponding to the n droplet size spectra factor, where D min and D max are the minimum and maximum droplet diameter, respectively. Thus, the whole range of droplet diameter is I= [D min , D max ]. In addition, q 1 , q 2 , …, q j , …, q n are the relative volume proportions or probabilities (q 1 + q 2 + …+ q j + …+ q n = 1) of volume intervals I 1 , I 2 , …, I j , …, I n , respectively.
The following functions may be considered: system ' (Barnsley and Demko, 1985) . By means of the similarities Ψ j and the volume proportions q j , an iterated function system determines how a fractal distribution reproduces its structure at different scales. (1), and so for the rest of Ψ j s. Furthermore, the probability of use the function Ψ j is q j , which is the volume fraction accumulated in the range I j .
This second method to estimate the fractal dimension has been developed because usually, data supplied by the nozzle manufacturer is the volumetric droplet size distribution. So, available data are D v 's instead of cloud droplet diameters. Using fractal geometry, an algorithm can be defined to obtain D f of a nozzle (Elton, 1987; Turcotte, 1992) : i) take any value x 0 of [D min , D max ]; ii)take a random number j, j= {1, 2, …, n}, being q j = {q 1 , q 2 , …, q n } their respective probabilities, and compute x 1 = Ψ j (x 0 ); and iii) repeat step 2 taking x 1 to compute the next value. In this way, a set S= {x 1 , x 2 , ..., x m } is obtained. This is not a set of droplets, instead these elements allow us to obtain the droplet diameter versus the cumulative volume fraction function and from this function we can then obtain the droplet size distribution, as follows: if g is the number of x's values that belong to any interval I j , the ratio g/m approaches the relative volume of the interval I j as the number of iterations m goes to infinite. For example, if droplet size spectra factors measurements were D v0.1 = 147, D v0.5 = 464, and D v0.9 = 1000 μm and the elements generated by the algorithm corresponding to this test {x 1 , x 2 ,…, x m } are sorted by 'size', there will be 0.1 × m elements with a size equal or less than 147 (D v0.1 ); 0.5 × m elements with a size equal or less than 464 (D v0.5 ); and 0.9 × m elements with a size equal or less than 1000 (D v0.9 ).
D f of this set will be computed taking into account equation (2), which can be particularized as follows
where k is a constant. It can be rewritten as
Therefore, D f = 3-d will be derived from the regression coefficient of the linear regression fitted between log(N x<X ) and log(X).
The number m of elements generated in each application of this algorithm were 10000, and the initial value for x (x 0 ) was D v0.9 . Similar results could be expected if m ≥ 3000 and x 0 takes any value of [D min , D max ] (Taguas et al., 1999) .
A total of ten iterated function systems differing in number and combination of droplet size spectra factors (Table 1) were used to estimate D f (D fe ) in order to study the accuracy of the algorithm described when applied to each of these combinations. Fractal dimension was also estimated in two ways: 1) by taking into account all operating pressures (D fe ); and 2) by taking into account only the extreme operating pressure of 2 and 10 bar (D fe1 ).
The size frequency distribution of every set S q = {x 1 , x 2 , ..., x m } was calculated by dividing the size range into 20 classes (Steel and Torrie, 1980) . The number of elements in each class was counted and the linear regression between log(N > x ) and log(x) was carried out using the droplet size spectra factors corresponding to 
extreme operating pressures (2 and 10 bar). This task was carried out by a computer program developed by the authors using Visual Basic 6.0. Droplet size spectra factors were predicted using an exponential function as follows:
where: D vh can be D v0.1 , D v0.5 or D v0.9 (μm) of a given nozzle, p is the operating pressure (bar), and D fe1 is the fractal dimension, estimated as described above ('A fractal approach to droplet size distribution' section). The data used to carry out this regression were those from operating pressures of 0.4, 0.6 and 0.8 Mpa, which were not used to estimate D fe1 .
Results and Discussion
For a given nozzle, differences between functions representing each operating pressure presented no effect (Figure 2) . Nevertheless, the DG-110 (Figure 2a ) behavior at 0.8 and 1 MPa was very similar, and was quite different from its behavior at other pressures. Furthermore, the TXA-80 nozzle (Figure 2c ), shows differences with different operating pressures. In general, a higher spray pressure corresponded to a smaller droplet size spectrum. These results are similar to those found by Womac (2001) working with nozzles under a range of pressures.
Furthermore, when the nozzles were compared, the cumulative volumetric droplet size distributions were quite different. All these affirmations about the cumulative droplet size distribution are based on an ANOVA carried out comparing D v10 , D v25 , D v50 , D v75 and D v90 of each nozzle working at 0.2, 0.4, 0.6, 0.8 and 1 MPa (data not presented). Similarity cumulative volumetric droplet size distribution behavior was related with nozzle type: TP-9501 and XR-110 are flat fan nozzles whereas DG-110 is a drift guard flat fan and TXA-80 is a hollow cone nozzle. Droplet sizes vary from a few micrometers up to some hundreds of micrometers depending on the nozzle type. Cone nozzle (TXA-80), produced the finest droplet size spectrum, followed by flat fan nozzles (TP-9501 and XR-110) and drift guard nozzle (DG-110). observed the same behavior for these kinds of nozzles under a range of pressures.
Fractal dimension, calculated taking into account equation (1), can be considered the 'real D f ' given that it is derived from the droplet diameter measurements from each experiment. Figure 3 shows an example of relationship between log(D) and log(N d>D ), and the fitted line for each tested nozzle. To clarify these graphics, only 10 % approximately of data of each nozzle have been plotted. Anyway, the regressions have taken into account the whole data set. Although data had not a perfect straight tendency, which means no perfect fractal behavior, all studied cases (nozzle, operation pressure and replica- tion) shown similar behavior: the relationship between variables was correlated (p < 0.01). Furthermore, all regression coefficients indicate that the model as fitted explained more than 90 % of the variability in dependent variable (log(N d>D )). Table 2 shows the average 'real fractal dimension' for each nozzle, operating pressure and repetitions studied, which have been calculated taking into account measured droplet diameters. The D fr column shows the D f average calculated based on the values corresponding to the five operating pressures, while the D fr column shows the D f average calculated from the extreme pressures (0.2 and 1 MPa). Since D f is not a measurable physical magnitude, we have decided to report these values to an accuracy of four decimal places, although we have not looked at the effect of decimal places on our results.
Values shown in each row are different (p < 0.05), whereas the values shown in each column are not different (p > 0.05) ( Table 2) . Thus, the D f calculated in this way and associated with nozzles, results in values which are independent of operating pressure. Similar results were found by Agüera et al. (2006) when working with hydraulic nozzles with variable geometry. Table 3 shows the D fe for every nozzle and D v combination (Table 1) when the algorithm based on iterated function systems described as the second method in 'Calculating the fractal dimension' section was applied. The column labeled 'sd' indicates the standard deviation of D fe derived from the five operating pressures and the three repetitions, whereas r Table 2 are not different (p < 0.05) from those of Table  3 corresponding to combination 1. Relationship between log(N x<X ) and log(X) were correlated (p < 0.01). Furthermore, all regression coefficients indicate that the model as fitted explained the variability in dependent variable (log(N d>D )) between 0.826 (observed in the TXA-80 nozzle) and 0.979 (observed in the DG-110 nozzle). (Table 3) . Using iterated function systems and several combinations of soil particles size spectra factors to simulate and to test of self-similar structures for soil-size distributions, Taguas et al. (1999) found relationship between the used combination and the results accuracy.
As (14) where: D fe1 is the own fractal dimension value of each nozzle shown in Table 3 for combination 10, D v0.1 , D v0.5 or D v0.9 are μm) and p is the operating pressure (0.1×MPa).
Coefficients of determination which were significant (p < 0.05) tended to have decreasing r 2 values with increasing droplet size factors, which is a similar behavior to that observed by Agüera et al. (2006) using polynomial and multilinear fitted regressions and also to that observed by Womac (2001) using a multilinear fitted regression, although in both these studies the authors found some non-significant coefficients of determination.
Conclusions
The algorithm resulted in D f values similar to those calculated from measured droplet diameter ('real D f '), regardless of the operating pressure and related to the nozzle type. D f for a given nozzle can be calculated from two droplet size spectra measurements performed indicate the maximum and minimum coefficients of determination of linear regression between log(N x<X ) (being N x>X the cumulative number of diameter x droplets greater than a characteristic average diameter X of a sub-set containing 500 droplets) and log(X) (being X the average diameter of a sub-set containing 500 droplet), respectively. Column D fe1 represents fractal dimension for every nozzle, taking into account data from operating pressure of 0. D v0.5 and D v0.9 for the nozzles tested at 0.2 and 1 MPa pressure can be estimated at any operating pressure from this exponential model.
